Introduction
Chronic obstructive pulmonary disease (COPD) remains a major public health problem. It is estimated to affect 384 million people worldwide, with a global prevalence of 11.7%, 1 and is forecasted to be the fourth leading cause of death by 2030. 2 Acute exacerbations of COPD (AECOPD) are among the leading causes of hospitalization in the USA and are the major cost driver for the illness, accounting for 50%-70% of total direct costs. 3 Currently, the most serious AECOPD events are treated with antibiotics and/or systemic corticosteroids regardless of etiology of the AECOPD.
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Brain natriuretic peptides (BNPs and N-terminal prohormone brain natriuretic peptide [NT-proBNP] ) are considered to be relevant biomarkers in acute coronary syndrome, 5 heart failure (HF) 6, 7 and show potential utility in COPD. For example, in COPD, an elevated NT-proBNP is a strong predictor of early mortality among patients admitted to hospital with AECOPD, independently of other known prognostic indicators. 8 BNPs have been found to correlate with several radiologically relevant endpoints including right ventricular enlargement detected on chest computed tomography (CT) in patients with acute pulmonary embolism 9, 10 and coronary atherosclerosis on angiography.
11 C-reactive protein (CRP) is also an important biomarker in AECOPD. In a systematic review for AECOPD biomarkers, 12 CRP was one of the most commonly studied biomarkers in AECOPD, and elevated concentrations have been found in AECOPD state compared to convalescence state. We have previously demonstrated that both NT-proBNP and CRP concentrations measured in blood are elevated in AECOPD compared to convalescence, and together they can reasonably discriminate between AECOPD requiring hospitalization compared to clinical stability with a cross-validated area under the curve (AUC) of 0.80, but their concentrations were only weakly related to each other, 13 which may indicate that they might represent different phenotypes of AECOPD.
The aim of this study was to determine whether blood CRP and NT-proBNP represent different disease processes as determined on thoracic imaging for AECOPD, which could be potentially used for phenotyping AECOPD and lead to more tailored therapeutic decisions.
Materials and methods study population
The Rapid Transition Program (RTP) study details have been described previously. 13 For this sub-study, we assessed subjects who were enrolled between July 2012 and October 2015. All subjects included in this study had a confirmed primary diagnosis of AECOPD as deemed by board-certified general internists or pulmonologists who cared for these subjects. All diagnoses were validated by chart review by at least one additional pulmonologist based on the criteria recommended by the Global initiative for Chronic Obstructive Lung Disease Committee. 4 All the subjects included in this study received standard anti-exacerbation treatment during their hospitalization, including short-acting bronchodilators, prednisone, and antibiotics.
We retrospectively examined the associations between radiological parameters and the blood-based biomarkers NT-proBNP and CRP, in subjects who had had either chest X-rays (CXRs) or CT scans during their hospitalization, and biomarkers were measured no more than 10 days before or after their CXRs and CT scans (Figure 1 ). More details are provided in the Figure S1 .
The study is registered on ClinicalTrials.gov website with identifier: NCT02050022 (registered January 28, 2014). The study was approved by the University of British Columbia Clinical Research Ethics Board (certificate number H11-00786). Written informed consent was provided by each subject in accordance with the Ethics Board.
specimens and measurement technique
After obtaining informed consent from the subjects, blood samples were collected in PAXgene ® (Becton Dickinson, Franklin Lakes, NJ, USA), EDTA, and serum tubes on day 1 and day 3 of hospitalization, at discharge, and on day 30 and day 90 post-admission date. Blood components were processed as per standardized protocol and stored at -80°C until analysis. Serum CRP was measured via a high-sensitivity assay on the Advia ® 1800 Chemistry System (Siemens Healthcare GmbH, Erlangen, Germany), in the Clinical Laboratory of St Paul's Hospital (Department of Pathology and Laboratory Medicine, Vancouver, BC, Canada) following standard operating procedures. NT-proBNP was measured from EDTA whole blood specimens on the RAMP ® 200 (Response Biomedical Corp, Vancouver, BC, Canada), which has a measurement range of 18-35,000 ng/L.
Baseline lung function measurements were performed at the time of convalescence (ie, at day 30 or day 90) for AECOPD patients. Spirometry was used to obtain lung function parameters after bronchodilator administration 
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Phenotyping COPD exacerbations according to recommendations from American Thoracic Society/European Respiratory Society. 14 
review of imaging and statistical analysis
To ensure uniformity of the reviews, CXRs and CT images were read by a single-blinded reviewer and assessed according to the Fleischner Society glossary of terms. 15 The standard for CXRs was the posteroanterior projection. In subjects who were unable to cooperate or stand upright, only the anteroposterior projection was obtained. Cardiac size, pulmonary edema, and pleural effusion were the three parameters that were evaluated on CXRs.
CT scans were ordered based on the attending physician's discretion, and the methods of CT acquisition were pulmonary angiographic studies utilizing intravenous contrast with a slice thickness of 2.5 mm, noncontrast examinations with a slice thickness of 2.5 mm, or noncontrast examinations with a slice thickness of 1.25 mm. The parameters that were assessed on CT scans are listed in Table 1 . These included emphysema, respiratory bronchiolitis, airway thickening, mucous plugging, bronchiectasis, reticulation, mosaic attenuation, consolidation, ground glass opacities, presence of nodules, pulmonary edema, pleural effusion, pericardial effusion, pulmonary artery diameter, aortic diameter, and pulmonary artery to aorta (PA/A) ratio. To quantify emphysema burden, each lung was divided into three zones ( Figure S2 ), and the severity of emphysema was scored on a 6-point scale (0-5), which was related to the percentage of total lung volume that contained emphysematous holes for each zone (0: 0%, 1: ,5%, 2: 6%-24%, 3: 25%-49%, 4: 50%-74%, 5: 75%-100%). The total emphysema score per subject was the sum of the scores in each zone divided by the total number of zones. Bronchiolitis was scored using a quartile system based on the Fleischner guidelines and the following scale: none (0), trivial (1), mild/moderate (2), or moderate/severe (3). Bronchiolitis was defined as centrilobular micronodules and patchy ground glass opacity according to Fleischner Society glossary of terms. 15 Details regarding the measurement of PA/A ratio are provided in Figure S3 .
statistical analysis
ANOVA and Spearman's correlation were performed to test for associations between the imaging parameters and blood-based biomarkers. Receiver operating characteristic (ROC) curves were constructed based on logistic regression models for predicting the radiological parameters according to log-transformed NT-proBNP or CRP concentrations, with and without the adjustment for age and sex.
Results
subject characteristics
A total of 309 subjects with either a CXR or a CT scan were examined for this study. Subjects had a mean age of 65.6±11.1 years, 66.7% of them were males, 85.8% were Caucasian, and 62.4% were current smokers. All subjects had airflow limitation, with a mean forced expiratory volume in 1 second 54.4%±21.5% of predicted (Table 2) . Comorbid conditions included congestive HF (16.2%), coronary artery disease (21.0%), hypertension (46.0%), diabetes (16.5%), arrhythmia (13.9%), and asthma (24.6%). About 36.9% of our subjects underwent thoracic CT scan during admission, of which 62.4% were CT pulmonary angiography. Note: Data are represented as mean ± sD or median and IQr or (%). Abbreviations: CT, computed tomography; CrP, C-reactive protein; rUl, right upper lung zone; rMl, right middle lung zone; rll, right lower lung zone; lUl, left upper lung zone; lMl, left middle lung zone; lll, left lower lung zone; DlP, dose length product; msv, millisievert; Pa/a, pulmonary artery to aorta ratio.
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alotaibi et al associations between radiological parameters and blood-based biomarkers NT-proBNP concentrations were significantly associated with pulmonary edema (P=0.008), pleural effusion (P=0.006), and cardiac size (P,0.001) on CXR, and they were significantly associated with pleural effusion (P,0.001), pulmonary artery diameter (r=0.22; P=0.020), and aortic diameter (r=0.21; P=0.027) on CT imaging. CRP concentrations were associated with consolidation (P,0.001), ground glass opacities (P=0.027), pleural effusion (P,0.001), and pulmonary artery diameter (r=0.23; P=0.018) on CT imaging. Additional details are provided in Table S1 and Figures S4 and S5.
rOC curves ROC curves were constructed to determine the relationships of CT findings of clinical interest with biomarker concentrations, with and without adjustments for age and sex ( Figure 2 ). The AUC of NT-proBNP to predict pleural effusion on CT was 0.71 (P=0.002, 95% CI 0.58-0.83). On CXR, the AUCs of NT-proBNP to predict cardiac size, pulmonary edema, and pleural effusion were 0.72 (P,0.001, 95% CI 0.62-0.81), 0.63 (P=0.009, 95% CI 0.53-0.73), and 0.64 (P=0.01, 95% CI 0.53-0.75), respectively. For using CRP to predict consolidation, the AUC was 0.75 (P,0.001, 95% CI 0.64-0.86); for pleural effusion, the AUC was 0.72 (P,0.001, 95% CI 0.6-0.85); and for ground glass opacities, the AUC was 0.64 (P=0.028, 95% CI 0.51-0.77). We sought to determine a sensitivity-oriented cutoff point for CRP to predict consolidation on CT based on the ROC curve constructed, in which we set the minimum sensitivity to 90% and applied The Youden Index. 16 The cutoff point for consolidation was a CRP level of 11.5 mg/L, with a sensitivity of 91% and a specificity of 53%. Additional details regarding the ROC curves are provided in Figure S6 .
Discussion
To the best of our knowledge, this is the first study that has evaluated the relationships of CRP and NT-proBNP with radiological parameters in AECOPD simultaneously. We found significant associations between elevated NTproBNP concentrations and the presence of pulmonary edema, pleural effusion, and cardiac size on CXRs in patients who were diagnosed with AECOPD. We also found a significant relationship between elevated CRP concentrations and the presence of consolidation, ground glass opacities, and pleural effusion on CT scans but not CXR, consistent with improved resolution of CT scans in detecting these abnormalities in COPD patients. To our knowledge, our study is the first to 
radiological parameters
The parameters that were measured on CXR are listed in Table 3 . In our study, 15.5% had radiographic evidence of pulmonary edema, 11.6% had pleural effusion, and 16.2% had an abnormal cardiac size. On CT scans, 32.5% had evidence of consolidation. The mean PA/A ratio was 1.24±0.21 (Table 1) . 
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Phenotyping COPD exacerbations examine the capability of CRP in predicting consolidation present on CT scans in subjects who were admitted as cases of AECOPD and not community-acquired pneumonia (CAP). In this RTP cohort, a CRP concentration of ,11.5 mg/L was a sensitive marker of ruling out consolidation present on CT scans, suggesting high utility in AECOPD. NT-proBNP is a polypeptide secreted predominantly from the cardiac ventricles in response to multiple stimuli (volume overload/endotoxemia/ischemia/hypoxia). 17 It exerts its actions through multiple pathways, which contributes to its diuretic and hypotensive properties. 18 Measurement of NT-proBNP may be indicated for individuals who present to the emergency department with acute dyspnea in order to differentiate acute heart failure from non-cardiac causes 19 and is currently being investigated for its potential use in AECOPD, with two systematic reviews demonstrating that NT-proBNP has a strong association with the presence of left ventricular dysfunction (LVD) in AECOPD. 20, 21 Of note, the association between NT-proBNP levels and LVD in AECOPD seems to be sustained even in the presence of renal dysfunction, albeit with higher NT-proBNP concentrations. 22 Our findings are consistent with those of Høiseth et al, who applied a standardized assessment of pulmonary congestion present on CXR in 99 patients admitted for AECOPD, and found that this standardized assessment of pulmonary congestion but not routine assessment, correlated with NTproBNP. 23 We extend this finding by evaluating 269 subjects who had CXRs at the time of hospitalization and demonstrating that NT-proBNP was a good indicator of radiological parameters related to cardiac dysfunction and/or volume overload including cardiac size, pulmonary edema, and pleural effusion with AUCs of 0.72, 0.63, and 0.64, respectively. Of note, the AUC for using NT-proBNP to predict pleural effusion as detected on CXR was 0.64, while the AUC for detecting pleural effusion based on CT was 0.71.
CXRs are not particularly sensitive or specific in detecting consolidations, consistent with CAP in patients with COPD, 24 and thoracic CT scans have much better performance in detecting CAP in COPD. In a study that systematically performed thoracic CT scans in a population of suspected CAP patients visiting the emergency department, 25 CT scans revealed pulmonary infiltrates consistent with CAP in 33% of patients in whom opacity had been absent on CXR. Thus, the inclusion of CT results led to increased physician confidence in the CAP diagnosis. The same group also sought to improve CAP diagnosis by measuring CRP in these patients; 26 the AUC of CRP for CAP was 0.78, and thus a cutoff point of 50 mg/L (which was associated with a sensitivity of 84.7% and a specificity of 63.4%) was proposed for detecting CAP. Of note, the study was limited in the evaluation of COPD patients as only 28.5% of the studied population had chronic respiratory diseases, and the study excluded patients who were in the highest Pneumonia severity score CURB-65 categories, making it hard to evaluate those aged $65 years. Another study that examined the diagnostic capability of CRP in CAP in an outpatient setting 27 proposed a CRP cutoff point of 20 mg/L (which was associated with a sensitivity of 73% and a specificity of 65%) to predict a pulmonary infiltrate on CXR. Huerta et al 28 proposed a CRP cutoff point of 129 mg/L, which had an AUC of 0.71, with a sensitivity of 62% and a specificity of 63% in discriminating between AECOPD and CAP + COPD (in which CAP + COPD was diagnosed based on the presence of consolidation on CXR). We extend these findings by demonstrating that CRP is also useful in predicting consolidation present on CT scan that could not be detected on CXR in AECOPD and propose a cutoff value of 11.5 mg/L which had a sensitivity of 91% and a specificity of 53% in ruling out the presence of consolidation on CT scan. We believe that the use of CRP in predicting pulmonary infiltrates on CT scans has clinical utility as the use of CT scans is generally restricted in AECOPD to those in whom pulmonary embolism and noninfectious etiologies of AECOPD are considered and plain frontal chest radiographs are not very sensitive or specific in detecting pulmonary infiltrates in patients with COPD. By using a CRP cutoff of 11.5 mg/L, most patients with AECOPD who have pulmonary opacities will be identified.
Limitations
Our study has several limitations. First, it was a retrospective analysis and thus is affected by the common shortcomings of these types of studies. Second, we have taken the closest blood-based biomarker measurement to the radiological test, and it is not exactly known if the resolution of the radiological findings occurs in the same chronology as the decrease in the blood-based biomarkers. Third, although infection is considered the most common cause of consolidation in the acute setting, 29 and .90% of subjects who develop consolidation have either bacterial or viral pneumonia, 30 it has been demonstrated that in certain cases and with certain organisms, ground glass opacities and nodules may be present. 31, 32 Thus, our proposed CRP cutoff point may be most useful in discriminating pulmonary infections associated with consolidations on CT scans and may not apply for infections that induce nodularity or ground glass opacities as the predominant pattern. Fourth, arterial blood gases were not routinely collected in this study, and thus the contribution of hypoxemia to the elevation of NT-proBNP concentrations could not explored. Fifth, patients did not undergo body plethysmography, and as such, total lung volume and its subdivisions were not ascertained. Thus, we could not determine the contribution of lung hyperinflation and gas trapping to possible cardiac dysfunction. 33 In addition, only 36.9% of our subjects required CT scans during admission, resulting in a selection bias. Thus, our findings should be prospectively validated.
Our study adds to the existing literature on the utility of NT-proBNP in predicting cardiac causes and/or complications in AECOPD, and we propose here that NT-proBNP and CRP should be utilized in patients admitted as AECOPD, in order to improve the identification and management of cardiac involvement in AECOPD. Moreover, in cases where CRP concentrations are ,11.5 mg/L, it is highly unlikely that those individuals have pulmonary infiltrates that are not present on CXR and could only be detected on CT, and thus ordering a chest CT scan for that purpose could be averted; in addition, other etiological factors of AECOPD should be considered, and the empiric administration of antibiotics needs careful consideration and should be taken in the context of other features suggestive of infection.
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Conclusion
Elevated CRP may indicate the presence of pneumonia, while elevated NT-proBNP may indicate cardiac dysfunction and pulmonary edema. These readily available blood-based biomarkers, along with imaging modalities, may provide more accurate phenotyping of AECOPD and may enable the discovery of more precise therapies to treat AECOPD. We propose a CRP cutoff point that will aid in averting the need for CT scans if there is a suspicion of an infectious lung process in subjects admitted with AECOPD.
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Supplementary materials
Figure S1 Days between radiological tests and blood-based biomarkers nT-proBnP and CrP. Notes: Difference in days between radiological study acquisition and blood-based biomarker test. Differences are calculated as the radiological study date minus the bloodbased biomarker test date. Positive values indicate that the radiological study was done after the blood-based biomarker test. Abbreviations: CXr, chest X-ray; CT, computed tomography; nT-proBnP, n-terminal of the prohormone brain natriuretic peptide; CrP, C-reactive protein. 
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Phenotyping COPD exacerbations Figure S6 rOC curves for radiological parameters and blood-based biomarkers nT-proBnP and CrP. Notes: ROC curves for blood-based biomarkers and radiological parameters. The first row depicts ROC curves for using NT-proBNP to predict radiological parameters obtained on chest X-rays, with (A) showing cardiac size, (B) pulmonary edema, and (C) pleural effusion. (D) depicts the rOC curve for using CrP to predict ground glass opacities on CT. Abbreviations: CXr, chest X-ray; CT, computed tomography; nT-proBnP, n-terminal of the prohormone brain natriuretic peptide; CrP, C-reactive protein; rOC, receiver operating characteristic; aUC, area under the curve.
